1. Introduction {#s0005}
===============

Calcium (Ca^2+^) as an important second messenger regulates a variety of cellular functions, including contraction, secretion, metabolism, gene expression, cell survival and cell death [@bib14]. Calcium ions enter the cell mostly through transmembrane proteins, called calcium channels. Calcium flow through the calcium channels (either voltage-dependent, or receptor-operated) does not require energy, in contrast to calcium pumps (ATP-ases) that transport calcium from the cells and are ATP-dependent. Part of the intracellular calcium moves to the endoplasmic reticulum (ER) through the sarco/endoplasmic reticulum calcium pump (SERCA) and is released from this store by inositol 1,4,5-trisphosphate (IP~3~) receptors (IP~3~R) or ryanodine receptors (RyR) ([Fig. 1](#f0005){ref-type="fig"}).

In addition, specialized calcium transport systems are also localized in other cellular organelles such as mitochondria, nucleus and Golgi apparatus. Mitochondrial calcium uptake is electrogenic, driven by the large voltage present across the inner mitochondrial membrane developed by the proton pumping by the respiratory chain. In the mitochondria, Ca^2+^ homeostasis plays a crucial role in cellular physiology and pathophysiology. Mitochondrial Ca^2+^ uptake controls the rate of energy production, shapes the amplitude and spatio-temporal patterns of intracellular Ca^2+^ signals, and is instrumental to cell death [@bib110; @bib63; @bib65].

Calcium communicates with a number of other systems and pathways; among them also with reactive oxygen species (ROS), such as superoxide anion (O2^•−^), hydrogen peroxide (H~2~O~2~) and hydroxyl radicals (HO^•^). ROS at moderate levels represent significant signaling molecules, which are widely involved in physiological processes through oxidizing proteins, lipids and polynucleotides [@bib47; @bib75]. ROS can be generated by various sources: they can be produced as by-products of mitochondrial respiratory chain activity, but also by several extramitochondrial enzymes such as NADPH oxidases, xanthine oxidase, uncoupled nitric oxide synthase, myeloperoxidase, cytochrome P450, cyclooxygenase, and lipoxygenase [@bib127; @bib75]. Interestingly, many of these systems can be modulated by calcium.

In a stark contrast to ROS signaling, Ca^2+^ exists in only one biologically relevant form that undergoes neither catabolic degradation nor anabolic synthesis. Its biological information-coding ability derives almost entirely from its binding to and unbinding from target proteins as well as from its charge movement to depolarize membrane potential in the form of Ca^2+^ currents [@bib166].

Interactions among ROS and calcium signaling can be considered as bidirectional, wherein ROS can regulate cellular calcium signaling, while calcium signaling is essential for ROS production [@bib56]. Thus, increased levels of Ca^2+^ activate ROS-generating enzymes and formation of free radicals. However, the mutual interplay and communication of ROS and calcium is highly dependent on the cell and tissue types. Up to now, this interplay was studied mainly in the cardiovascular system, where ROS and Ca^2+^ signals converge at dyads, the structural and functional units of cardiac excitation-contraction coupling [@bib166]. Increasing evidence suggests that this cross-talk plays an essential role in many pathophysiological conditions also in other systems, including neurodegenerative diseases such as Parkinson disease and Alzheimer disease, inflammatory diseases, but also cancer [@bib121; @bib131; @bib32; @bib33]. In this review we will discuss the ROS-calcium cross-talk with specific emphasis on mitochondria, the important extramitochondrial ROS source NADPH oxidase, and their interaction with the endoplasmic reticulum.

2. Calcium regulation of ROS formation {#s0010}
======================================

2.1. ROS formation {#s0015}
------------------

ROS are derived from molecular oxygen by electron transfer reactions resulting in the formation of superoxide anion radical (O2^•−^), and subsequently hydrogen peroxide (H~2~O~2~), either spontaneously, or by the action of superoxide dismutases (SOD). In the presence of iron, superoxide and H~2~O~2~ can lead to the formation of highly reactive hydroxyl radicals, which can damage cellular proteins, RNA, DNA and lipids. Interaction of ROS with nitric oxide or fatty acids can lead to the formation of peroxynitrite or peroxyl radicals, respectively, that are also highly reactive. In the presence of chloride, peroxidases can catalyze the generation of hypochlorous acid (HOCl) and singlet oxygen (^1^O2) from H~2~O~2~.

Superoxide is not freely diffusible, but can cross membranes via ion channels. Extracellular superoxide has been shown to enter the cell via the anion blocker sensitive chloride channel-3 [@bib69], while mitochondrial outer membrane´s voltage-dependent anion channels can direct superoxide flux from mitochondria to the cytosol [@bib64]. On the other hand, hydrogen peroxide, which is not a radical, is diffusible over membranes and therefore has been frequently considered to act as a second messenger. Efficient transmembrane diffusion of hydrogen peroxide can be directed by aquaporins, which probably fine tune hydrogen peroxide levels in the cytoplasm, intracellular organelles, and the extracellular space [@bib16]. High ROS levels in the cell can be achieved endogenously (e.g. in several cardiac pathologies), or exogenously (e.g. by administration of some types of chemotherapeutics). There is increasing evidence that in addition to the detrimental effects of high ROS levels exceeding the cellular antioxidant capacity, the cell is able to generate ROS in lower amounts that act as important signaling molecules controlling cell proliferation and cell death, cellular migration, vascular tone, and other cellular functions [@bib75; @bib99].

2.2. Calcium and mitochondrial ROS generation {#s0020}
---------------------------------------------

Although the role of mitochondrial ROS is not completely understood, it is proposed that mitochondrial dysfunction causing excessive ROS production may be a prominent feature of several diseases [@bib2]. Newer evidence suggests that mitochondrial ROS can also act as signaling molecules to activate pro-growth responses [@bib139].

Generation of ROS by mitochondria has been considered for a long time to be only a byproduct of oxidative metabolism in the course of ATP production [@bib151; @bib164]. However, clear evidence exists that mitochondrial ROS might also have a function in signaling within mitochondria or between mitochondria and other organelles [@bib130; @bib34]. Under normal conditions, up to 1% of the electrons flowing to molecular oxygen through the electron transport chain may be diverted to form superoxide. Superoxide can be generated at different sites within the mitochondria [@bib22]. Among them, the ubiquinone-binding sites in complex I (site IQ) and complex III (site IIIQo) of the respiratory chain, glycerol 3-phosphate dehydrogenase, the flavin in complex I (site IF), the electron transferring flavoprotein:Q oxidoreductase (ETFQOR) of fatty acid beta-oxidation, and pyruvate and 2-oxoglutarate dehydrogenases have the highest capacity to generate superoxide. Interestingly, only site IIIQo (on complex III) and glycerol 3-phosphate dehydrogenase can release superoxide into the intermembrane space suggesting that these sites are of a high importance of mitochondrial ROS release into the cytosol ([@bib102], [Fig. 2](#f0010){ref-type="fig"}).

The metabolic state of the cell has an important impact on ROS production capacity of mitochondria. The chemical nature of the substrates fueling the respiratory chain, the amplitude of the membrane potential in mitochondria (ΔΨm), the pH of the matrix, and the oxygen tension in the surroundings are important factors controlling ROS production in mitochondria [@bib5].

Since Ca^2+^ primarily promotes ATP synthesis by stimulating enzymes of the Krebs cycle and oxidative phosphorylation in the mitochondria, it has been suggested that the increased metabolic rate would consume more oxygen resulting in increased respiratory chain electron leakage and ROS levels [@bib26]. Indeed, mitochondrial ROS generation correlated with metabolic rate [@bib136]. Under normal conditions, Ca^2+^ diminished ROS from both complexes I and III while it enhanced ROS generation when these complexes were inhibited by pharmacological agents. One explanation has been that Ca^2+^ induces a three-dimensional conformation change of the respiratory chain complexes which leads to mitochondrial ROS generation [@bib26].

There is further evidence that the metabolic state of the mitochondria determines the effects of calcium on mitochondrial ROS levels. When the membrane potential is high (no ATP synthesis), Ca^2+^ uptake results in decreased ROS generation. When the membrane potential is set to a depolarized range (ATP synthesis), ROS generation is stimulated, or not influenced by Ca^2+^, depending on the amount of the Ca^2+^ load [@bib1]. When mitochondria are overloaded with Ca^2+^, ROS production might increase independently of the metabolic state of mitochondria [@bib94].

Mitochondrial permeability transition pore (mPTP) is a voltage and Ca^2+^-dependent, cyclosporin A sensitive, high conductance channel, whose prolonged opening leads to a brisk increase in the permeability of the inner mitochondrial membrane to solutes with molecular mass up to 1500 Da [@bib13]. As a consequence, a bioenergetic catastrophe occurs: equilibration of the proton gradient causes mitochondrial depolarization, followed by respiratory inhibition and generation of ROS, massive release of matrix Ca^2+^, and swelling of mitochondria which leads to breaches in the outer mitochondrial membrane that induce the release of intermembrane proteins. Thus, mPTP opening prompts the demise of the cell, and its (dys)regulation turned out to be a crucial step in the pathogenesis of a variety of diverse diseases, encompassing ischemia-reperfusion damage, lysosomal storage diseases, liver damage, many acute and chronic disorders of the central nervous system and cancer (for review see [@bib119]).

2.3. Calcium and NADPH oxidases {#s0025}
-------------------------------

The family of NADPH oxidases (NOXes) has been considered unique in that their sole function is to generate superoxide or hydrogen peroxide, respectively, and that they are responsive to receptor stimulation [@bib115; @bib9]. Up to date, this family comprises 7 members, which differ in their catalytic subunits as well as in the requirement of regulatory proteins. The initially identified NADPH oxidase contains the NOX2 core unit, which builds together with the p22phox subunit the cytochrome b558. It is also known as the "respiratory burst" enzyme of neutrophils and is a part of the innate immune response. Upon binding of particles, bacteria, fungi or soluble inflammatory mediators to specific receptors on the neutrophil cell surface, NOX2 is activated and mediates release of large amounts of ROS [@bib108]. This activation is regulated by cytosolic subunits p47phox, p67phox, p40phox and the Rac GTPase, which need to be phosphorylated by calcium activated protein kinase C (PKC) in order to translocate to the plasma membrane and join the NOX2/p22phox complex [@bib30].

The majority of neutrophil-activating receptors induce extracellular calcium entry as an early signaling response to activate effector functions, including phagocytosis, degranulation, and chemotaxis [@bib108]. These membrane receptors induce generation of inositol 1,4,5-trisphosphate (IP~3~) which activates IP~3~Rs and Ca^2+^ release from the intracellular stores which is important for phagocytosis [@bib137]. Depleted stores are reloaded by the sarco/endoplasmic reticulum Ca^2+^ ATPase SERCA, whereby calcium influx into the cell is enhanced through store-operated calcium channels [@bib23]. This Ca^2+^ influx is also required for neutrophil ROS generation by stimulating Ca^2+^-dependent recruitment of S100A8/A9 proteins which act as Ca^2+^ sensors and can interact with flavocytochrome b558 and p67phox to promote ROS generation [@bib25]. Moreover, Hv1 voltage-gated proton channels have been shown to extrude the protons and compensate the charge generated by NADPH oxidases, thereby enhancing the driving force for extracellular Ca^2+^ entry and sustaining NADPH oxidase activity [@bib46].

Similar to the NOX2 containing enzyme in neutrophils, NOX1 activity in keratinocytes has been described to be dependent on calcium in response to UVA light [@bib153]. NOX1 activity requires the recruitment of cytosolic activators similar to NOX2, suggesting that calcium might also act in resembling way. Moreover, it has been recently shown that NOX1 can directly be phosphorylated by the calcium activated PKCβ1 suggesting that calcium may via this way enhance NOX1 activity [@bib138].

Apart from these more indirect ways of calcium-dependent NOX activation, the NOX5 as well as the DUOX1 and DUOX2 containing enzymes have been shown to be calcium-binding proteins, which require calcium for ROS generation. NOX5 contains an N-terminal regulatory domain (called NOX5-EF) with four EF-hands. When Ca^2+^ binds to this domain, hydrophobic residues can interact with the C-terminal catalytic domain and activate the enzyme [@bib7]. Besides of EF-hands, NOX5 can bind calcium-activated calmodulin to the C-terminal domain, leading to a conformational change and increased N-terminal enzymatic activity. Furthermore calcium-activated calcium/calmodulin-dependent kinase II (CAMKII) can positively regulate NOX5 activity *via* the phosphorylation of Ser475 [@bib111]. Calcium-dependent NOX5 activity has been found to contribute to vascular proliferation and vessel formation [@bib10], to proliferation in different cancer cell lines [@bib3] and also might play a role in kidney disease [@bib76] and in coronary artery disease [@bib61].

Two other family members, dual oxidase 1 (DUOX1) and 2 (DUOX2) have been originally identified in the mammalian thyroid gland. DUOX1 is also highly expressed in airway epithelial cells and DUOX2 in the salivary glands and gastrointestinal tract. Dual oxidases contain an EF-hand calcium-binding cytosolic region similar to that in NOX5 and an N-terminal, extracellular domain with considerable sequence identity with mammalian peroxidases. DUOX enzymes are activated by calcium and release hydrogen peroxide rather than superoxide. In the thyroid, hydrogen peroxide produced by DUOX2 is utilized by thyroperoxidase as an electron acceptor to generate protein-bound iodothyronines (T3 and T4) [@bib109; @bib27; @bib88]. Recently, it was shown that epidermal wounding induces a calcium flash which activates hydrogen peroxide production via DUOX1 and subsequently the recruitment of immune cells to migrate to the wound [@bib122]. Similarly, calcium flashes have been shown to trigger DUOX-dependent hydrogen peroxide in zebrafish after mechanical injury, resulting in leukocyte recruitment [@bib107]. Genetic studies in Drosophila have demonstrated that DUOX can generate microbicidal ROS in the gut epithelia [@bib91].

Recent studies suggested a cross-talk between NADPH oxidases and mitochondrial ROS generation. For example, NOX2 was shown to stimulate mitochondrial ROS production by activating reverse electron transfer in angiotensin-II induced hypertension, while mitochondrial superoxide induced by activation of mitochondrial ATP-sensitive K^+^ channels has been demonstrated to stimulate NOX2, contributing to the development of endothelial oxidative stress and hypertension [@bib106; @bib43]. Although the exact mechanisms of this cross-talk are not clear yet, these findings might explain some discrepancies found in the literature regarding the sources of ROS. Since both ROS generating systems are sensitive to calcium, they show the importance of the calcium-ROS cross-talk under (patho)physiological conditions.

3. Regulation of calcium homeostasis by reactive oxygen species {#s0030}
===============================================================

The reciprocal interaction between Ca^2+^ modulated ROS production and ROS modulated Ca^2+^ signaling underlies the concept of ROS and Ca^2+^ crosstalk. Thus, in addition to calcium regulating ROS generation, redox state and ROS have been shown to modulate the activity of a variety of Ca^2+^ channels, pumps and exchangers.

3.1. ROS modulation of plasma membrane Ca^2+^ channels {#s0035}
------------------------------------------------------

Several calcium transporters are localized in the plasma membrane ([Fig. 1](#f0005){ref-type="fig"}) and can be regulated by ROS.

Voltage-dependent Ca^2+^ channels (VDCC) have been described to be redox sensitive due to cysteine residues in the pore forming α1-subunit [@bib101; @bib78]. Activated or inhibited redox status can affect activity, expression, open-time probability, as well as trafficking [@bib149; @bib19]. For example, in guinea pig ventricular myocytes, exogenous ROS suppressed L-type Ca^2+^ current [@bib54]. Similarly, application of sulfhydryl oxidants inhibited the activity of rabbit smooth muscle L-type Ca^2+^ channels expressed in chinese hamster ovarian (CHO) cells. Also, free sulfhydryl groups of L-type Ca^2+^ channels were responsible for ROS induced alterations of the gating process [@bib87].

On the contrary, ROS were shown to stimulate Ca^2+^ entry through L-type and T-type voltage-gated channels in vascular smooth muscle cells [@bib144]. Application of hydrogen peroxide also increased the current in cells expressing human cardiac L-type α1-subunits in a voltage-dependent manner [@bib78]. Similarly, ROS derived from NOX1 NADPH oxidase have been shown to be involved in Ca^2+^ mobilization in smooth muscle cells, in part through regulation of Ca^2+^ influx by L-type calcium channels in response to thrombin [@bib168].

Disunity in the redox regulation of L-type calcium channels might be due to the extensive phosphorylation of this channel by different kinases, which are activated by ROS and might at least partially counterbalance the inhibitory effects of direct ROS oxidation of this channel [@bib126]. However, differences in source, species, amount and timing of ROS might also contribute to variable ROS effects on L-type calcium channels.

Receptor-induced Ca^2+^ signals are crucial to the function of all cells and involve both the release of Ca^2+^ from its stores and the entry of Ca^2+^ through plasma membrane channels. Two major types of channel proteins appear to be involved in receptor-induced Ca^2+^ entry signals; members of the family of transient receptor potential (TRP) channels and the store-operated Ca^2+^ channels (SOC) mediated by the widely expressed Orai channel proteins [@bib155].

Members of the TRP superfamily are nonselective cation channels, which carry predominantly Ca^2+^ ions. Similar to VDCC, TRP channels are a part of the superfamily of six transmembrane spanning cation channels, but they lack the voltage sensitivity. According to their mechanism of activation and presence of regulatory domains in the N- and C-termini, subtypes are classified as the classical or canonical TRP (TRPC1--TRPC7), vanilloid-receptor-related TRP (TRPV1--TRPV4), and melastatin-related TRP (TRPM1--TRPM8) channels [@bib42].

Members of all three subfamilies have been associated with redox regulation and oxidative stress [@bib146]. TRPM2 channel was the first identified ROS-sensitive TRP channel. Activation by hydrogen peroxide was suggested to be mediated by ADP-ribose (ADPR) and cyclic ADPR which interact within a binding cleft in the C-terminal NUDT9-H domain of TRPM2 [@bib113; @bib66]. This pathway has been related to cell death [@bib66], to insulin secretion in pancreatic β-cells [@bib152] and to chemokine production in monocytes [@bib162].

In the endothelium, oxidant mediated disruption of cholesterol-rich lipid rafts was able to activate TRPC3 and TRPC4 channels [@bib116] suggesting the involvement of this pathway in atherosclerosis [@bib154]. Endothelial NOX2-generated ROS triggered Ca^2+^ influx via TRPC6 in response to pulmonary ischemia-reoxygenation [@bib159]. Furthermore, NOX4 has been shown to enhance TRPC1 and 6 expression resulting in enhanced proliferation in response to BMP4 in pulmonary artery smooth muscle cells suggesting an involvement of this pathway in pulmonary hypertension [@bib80].

While reducing agents such as dithiotreitol have also been shown to activate TRPC5 by cleaving a disulfide bridge in the predicted extracellular loop adjacent to the ion selectivity filter [@bib161], TRPV1 channels were activated by oxidizing agents thereby sensitizing TRPV1 to pH alterations which seems to play a role in heat or pain sensation [@bib142].

Oxidants have also been shown to modulate store-operated Ca^2+^ entry (SOCE) which is regulated by translocation of the ER Ca^2+^ sensors STIM1 and STIM2 (stromal interaction molecule 1/2) to the plasma membrane where they bind and activate primarily the Ca^2+^-permeable Orai channels to initiate calcium entry and store refilling [@bib133; @bib20]. While hydrogen peroxide induced S-glutathionylation of STIM 1 at cysteine 56, resulting in clustering of full length STIM1 and activation of SOCE [@bib60], STIM1 oligomerization and SOCE have been shown to be negatively modulated by the ER oxidoreductase ERp57 [@bib70]. Orai has, similar to TRPC, been suggested to be redox-sensitive. A reactive cysteine in Orai1 may serve as a detection system primarily for changes in the extracellular oxidative environment [@bib19]. While STIM1 and Orai1 have been shown to contribute to ROS generation by NOX2 [@bib24], NOX2 has also been shown to drive Ca^2+^ signaling via STIM1 and SOCE thereby promoting vascular barrier dysfunction and sepsis-induced acute lung injury [@bib53].

3.2. ROS regulation of intracellular calcium channels {#s0040}
-----------------------------------------------------

Major calcium release channels from sarcoplasmic/endoplasmic reticulum (SR/ER) are ryanodine receptors (RyR) in excitable cells and inositol 1,4,5-trisphosphate receptors (IP~3~R) in non-excitable cells ([Figs. 1](#f0005){ref-type="fig"} and [2](#f0010){ref-type="fig"}).

RyR are present in skeletal (RyR1 isoform) and cardiac (RyR2 isoform) muscle cells, where they evoke muscle contractions, but also in the brain (RyR3). These large proteins form tetramers in the SR and ER membranes and contain many cysteins, thus making them good targets for redox regulation [@bib100]. Shifts in the ratios of cellular redox buffers, such as the GSH/GSSG redox pair and the NADH/NAD^+^ redox pair, can modulate channel function [@bib71]. ROS can directly modulate RyR activity by oxidizing redox-sensing thiol groups [@bib167; @bib85]. Oxidation of RyR thiols enhances channel activity, augments SR Ca^2+^ leak [@bib147] and increases Ca^2+^ spark frequency [@bib163]. In skeletal muscle, modification of the redox sensitive Cys3635 by S-nitrosylation caused RyR1 activation and protection from calmodulin binding-mediated inhibition at high Ca^2+^ concentrations [@bib6].

RyRs were shown to be regulated by NADPH oxidases [@bib167; @bib48; @bib72]. Specifically, SR based NOX4 co-immunoprecipitated with RyR1, thereby locally modulating its Ca^2+^ release activity [@bib140]. In Langendorff perfused rat hearts mild oxidative stress enhanced the Ca^2+^ response of RyR2 channels and this process was mediated by NOX2 [@bib44]. In cardiomyocytes, stretch induced NOX2 dependent ROS production in the sarcolemmal and t-tubule membranes which sensitized nearby RyR2 in the SR to trigger a burst of Ca^2+^ sparks, resulting in the induction of arrhythmogenic Ca^2+^ waves [@bib117]. NOX2 dependent ROS generation activated RyR1 by S-glutathionylation in skeletal muscle cells [@bib72] leading to insulin-dependent GLUT4 translocation [@bib35]. In the mouse model for Duchenne muscular dystrophy, elevated ROS signaling through divergent Ca^2+^ derived from the SR cooperated to cardiomyopathy [@bib117]. In addition, mitochondria-derived ROS have recently been connected to the oxidation of RyRs [@bib21; @bib74].

Post-translational modifications of RyRs by ROS that destabilize interdomain interactions within RyRs [@bib104] have been implicated in alterations of Ca^2+^ homeostasis in conditions accompanied by oxidative stress, such as heart failure or myocardial infarction [@bib11; @bib147; @bib62]. Age-associated increase in the rate of ROS production by mitochondria leads to a thiol-oxidation of RyRs, which results in hyperactivity of RyRs and thereby shortened refractoriness of Ca^2+^ release in cardiomyocytes from the ageing heart [@bib59]. Furthermore, the arrhythmogenic effect of cardiac glycosides has been linked to the generation of mitochondrial ROS and oxidation of RyRs [@bib74].

IP~3~Rs are the primary Ca^2+^ release channel in the endoplasmic reticulum in nonexcitable cells and constitute a minor proportion of SR Ca^2+^ release channels in cardiac cells (for review see [@bib86]). ER Ca^2+^ release via IP~3~R is initiated by binding of the signaling molecule inositol 1,4,5-trisphosphate (IP~3~). Three different IP~3~R isoforms are expressed in different amounts in various cells, and the different isoforms are capable of forming homo- and heterotetramers [@bib81].

Various exogenously added oxidants, e.g. thimerosal [@bib83], *t*-butylhydroperoxide [@bib17], and diamide [@bib95] can stimulate IP~3~R-mediated Ca^2+^ release. In the case of thimerosal, the proposed mechanism involved an increased sensitivity of IP~3~R to IP~3~ by modifying cysteine residues and thereby stabilizing an active conformation of the receptor \[[@bib83]\] resulting in Ca^2+^ oscillations at the ambient concentration of IP~3~ present in unstimulated cells. Although sensitization to IP~3~ may be a general mechanism applicable to other oxidants, it has also been suggested that they may alter the Ca^2+^ sensitivity of the receptor. Diamide promoted Ca^2+^ release from IP~3~-sensitive internal Ca^2+^ stores and elevated basal Ca^2+^ levels due to diamide-induced S-glutathionylation of the IP~3~R and the plasmalemmal Ca^2+^-ATPase Ca^2+^ pump, respectively, in endothelial cells [@bib95]. Sensitization of IP~3~R to IP~3~ through modulation of thiol groups has also been observed in response to ROS derived from xanthine oxidase [@bib8]. Moreover, S-glutathionylation of IP~3~R1 was increased in endothelial cells challenged with hydrogen peroxide [@bib96]. It has been shown that insulin induced activation of NOX increased IP~3~R activity and Ca^2+^ release in skeletal muscle [@bib49]. Furthermore, the ER-resident oxidoreductase, ERp44 inhibited Ca^2+^ release by IP~3~R [@bib73].

3.3. ROS modulation of Ca^2+^ATPases {#s0045}
------------------------------------

The sarco/endoplasmic reticulum Ca^2+^ ATPase (SERCA) is importantly involved in refilling calcium stores in the ER/SR ([Fig. 2](#f0010){ref-type="fig"}). Three SERCA isoforms are expressed differentially in various tissues. SERCA1 occurs predominantly in fast skeletal muscle, SERCA2a is expressed in slow skeletal and cardiac muscle. The SERCA2b isoform is found mostly in smooth muscle cells, while non-muscle cells express SERCA3.

The redox state of specific cysteine residues of SERCA is important for enzymatic function, so that modifications of different SERCA cysteine residues may result in both inhibition and activation of the protein [@bib132]. Thiol oxidizing compounds and ROS inhibit SERCA Ca^2+^ pumping activity, while reducing agents including dithiothreitol and GSH stimulate SERCA [@bib167]. For its proper function, SERCA is dependent on ATP hydrolysis. ROS have been indicated to prevent ATP binding to SERCA, thus uncoupling ATP hydrolysis from Ca^2+^ pumping [@bib132; @bib36]. Cys674 appears to play a prominent role in the redox control of SERCA activity: VEGF induction of NOX2 and NOX4 increased SERCA activity by reversible S-glutathionylation resulting in enhanced endothelial migration [@bib50]. In contrast, irreversible oxidative sulfonation of this residue by exposure to high glucose or in the senescent heart was associated with decreased SERCA activity [@bib118; @bib148].

The plasma membrane Ca^2+^ATPase (PMCA) is a much slower pump compared to SERCA. PMCA belongs to the major calcium extrusion systems in a variety of cells and has been found to be very sensitive to oxidative stress [@bib165]. In neurodegenerative diseases such as Alzheimer disease or Parkinson disease oxidative modification of one or more cysteines has been indicated to disrupt the structural coupling between ATP binding and hydrolysis and to reduce PMCA activity [@bib165]. Oxidative modification and subsequent degradation of the PMCA protein has been found in models of global ischemia-reperfusion injury and seizures [@bib15].

4. Mitochondrial ROS and calcium {#s0050}
================================

Mitochondrial Ca^2+^ homeostasis plays an important role in cellular physiology and pathophysiology. Balanced calcium uptake by the mitochondria is essential: at appropriate levels, it can stimulate important metabolic processes, such as activation of mitochondrial dehydrogenases, but higher mitochondrial calcium can be detrimental for a cell, by initiating cell death pathways, such as apoptosis and necrosis [@bib110; @bib63; @bib65]. The outer mitochondrial membrane is highly permeable to Ca^2+^, primarily through the non-specific voltage-dependent anion channel, which is also used to expulse superoxide from the mitochondria, whereas the Ca^2+^ permeability of the inner membrane is orders of magnitude lower, thus rendering the inner mitochondrial membrane rate-limiting for Ca^2+^ influx into the mitochondrial matrix [@bib51].

Mitochondrial Ca^2+^ uptake is electrogenic, driven by the large voltage present across the inner mitochondrial membrane (ΔΨm) developed by proton pumping by the respiratory chain [@bib12]. Patch clamp electrophysiology of isolated mitoplasts (mitochondria with the outer membrane removed) demonstrated that Ca^2+^ influx was mediated by a highly Ca^2+^ selective ion channel [@bib84]. Recently, a mitochondrial calcium uniporter (MCU) was identified as an ion-conducting pore of the uniporter [@bib31; @bib41]. The driving force for calcium uptake by the MCU was found to be the steep negative membrane potential established by the respiratory chain \[[@bib124]\]. The MCU has two transmembrane domains, and is localized to the inner mitochondrial membrane. Recently, the mitochondrial matrix was identified as the site of both the N- and C-termini. MCU appears to oligomerize within the mitochondrial inner membrane as part of a larger molecular weight complex, consistent with the presence of MICU1 and MICU2, its major regulators (for review see [@bib67]).

In cardiomyocytes, mitochondria-derived ROS have been found necessary to maintain spontaneous RyR2-mediated Ca^2+^ spark activity while excessive mitochondrial ROS production exerted a bidirectional regulation of Ca^2+^ spark activity in a dose- and time-dependent fashion supporting a mitochondrial control of SR Ca^2+^ release [@bib163].

Various pro-oxidant agents are able to induce mPTP opening as a key effect to promote cellular death [@bib119]. Oxidants increase intracellular Ca^2+^ release from the endoplasmic reticulum and inhibit Ca^2+^ extrusion from the plasma membrane [@bib29]. The increase in Ca^2+^ results in transient opening of the mPTP to protect cells against cytosolic Ca^2+^ overload as has been observed during ischemia. However, in the reperfusion period ROS can lead to a sustained mPTP opening resulting in cell death\[[@bib169]\]. Tumor cells can desensitize the mPTP to Ca^2+^ \[[@bib169]\] and ROS thereby increasing their resistance to death [@bib119]. Therefore, the mPTP could be a target for anticancer chemotherapeutics.

The sensitivity of the mPTP to both, ROS and Ca^2+^ overload, suggests the presence of an amplification loop that is generated by the impairment of either Ca^2+^ or ROS signaling that triggers activation of the mPTP and outer mitochondria membrane permeabilization ([Fig. 2](#f0010){ref-type="fig"}). This amplification loop could be strengthened by means of ROS-induced ROS release, or Ca^2+^-induced Ca^2+^ release, that then propagate throughout the mitochondrial population [@bib4].

Excess generation of mitochondrial ROS and cytosolic calcium accumulation plays a major role in the initiation of programmed cell death during acute myocardial infarction. During ischemia, calcium handling between the sarcoplasmic reticulum and myofilament is disrupted and calcium is diverted to the mitochondria causing swelling. Reperfusion, while essential for survival, reactivates energy transduction and contractility and causes the release of ROS and additional ionic imbalance. During acute ischemia--reperfusion, the principal death pathways are programmed necrosis and apoptosis through the intrinsic pathway, initiated by the opening of the mPTP and outer mitochondrial membrane permeabilization, respectively [@bib157]. An emerging body of evidence indicates that the generation of ROS by mitochondria plays a critical role in damaging cellular components and initiating cell death under ischemia-reperfusion conditions [@bib167; @bib82].

Dysfunctional mitochondrial ROS and calcium have been also implicated in the pathogenesis of neurodegenerative diseases. The role of ROS in the regulation of mitochondrial remodeling was studied in primary astrocytes. Changes in mitochondrial morphology induced by calcium occur predominantly through ROS-mediated remodeling [@bib39]. Compared to somatic regions, dendritic regions exhibited a smaller degree of mitochondrial Ca^2+^ uptake, lower fold-induction of NADH and larger reduction in ATP levels. Collectively, these data reveal that dendritic regions of primary neurons are vulnerable to greater energetic and redox fluctuations than the cell body, which may contribute to disease-associated dendritic damage [@bib68].

Dysruption of mitochondrial ROS and calcium homeostasis has been also related to TNF-alpha function indicating an important role in inflammatory diseases such as osteoarthritis or even sepsis [@bib18; @bib32; @bib38]. Moreover, inflammatory responses evoked by dysfunctional mitochondria have also been found at different steps of cancer development [@bib58]. There is increasing evidence that mitochondrial alterations are intricately involved in tumor metabolism resulting in increased ROS generation and abnormal calcium handling with consequences for tumor growth, survival and metastasis [@bib125]. In fact, mitochondria have been now identified as an interesting target for tumor therapy [@bib158].

5. Endoplasmic reticulum stress, calcium and ROS {#s0055}
================================================

The endoplasmic reticulum (ER) is a huge organelle, which forms a membranous network inside the cell and serves for proper assembly and folding of nascent proteins. In order to accomplish these functions, the ER lumen possesses a unique environment with molecular chaperones, folding enzymes, high concentrations of ATP and calcium and, at the same time, offering an oxidizing environment for intra- and intermolecular disulfide bond formation. Perturbations in ER function trigger a process named "ER stress", a tightly orchestrated collection of intracellular signal transduction reactions designed to restore protein homeostasis in the so-called unfolded protein response (UPR) [@bib128; @bib57]. If the ER stress response is exaggerated, pro-apoptotic cellular cascades are activated.

Increases in ROS and rapid decreases in Ca^2+^ concentrations in the ER lumen belong to common features of cellular ER stress and UPR activation ([Fig. 3](#f0015){ref-type="fig"}). With respect to early signals leading to ER stress, calcium is an optimal candidate for rapid and extensive changes of diverse pathways. The ER is the main intracellular calcium store containing roughly 2 mM total Ca^2+^, corresponding to a free Ca^2+^ concentration of about 500 μM, a concentration which is much higher than the free Ca^2+^ concentration in the cytosol [@bib134]. Thus, the ER can act as a major buffering system that functions as a sink for Ca^2+^ storage. Loss of calcium ions during ER stress is mediated through activation/expression of calcium handling proteins localized in the ER and through calcium release in the cytosol via IP~3~R or RyR [@bib40]. Both, IP~3~R and RyR are sensitive to ROS, as well as to Ca^2+^. Thus ROS- as well as calcium-induced calcium release can set up propagated calcium waves [@bib32].

Approximately 25% of ROS generated in the cell are derived from the ER [@bib150] mainly required for oxidative protein folding and the formation of disulfide bonds among cysteines. During protein overload, ROS are generated in the ER as a part of an oxidative folding process during electron transfer between protein disulfide isomerase (PDI) and endoplasmic reticulum oxidoreductin-1 (ERO1α) [@bib97]. Electrons are transferred from substrate\'s thiol groups through PDI and ERO1α to molecular oxygen and produce hydrogen peroxide as a by-product ([Fig. 3](#f0015){ref-type="fig"}). PDI directly accepts electrons, resulting in the oxidation of cysteine residues and the formation of disulfide bonds. ERO1α then uses a flavin-dependent reaction to transfer electrons from PDI to molecular oxygen, thereby oxidizing PDI. Specific and limited PDI oxidation by ERO1α is essential to avoid ER hyperoxidation. Under normal physiological conditions, the ER forms an oxidizing environment and Ca^2+^ stores are filled, allowing proper function of the various chaperones [@bib57]. During ER stress ERO1α is upregulated in a CHOP-dependent manner, leading to ER hyperoxidation. Since conformation of the third luminal loop of the IP~3~R depends on the oxidation state, hyperoxidation could disrupt the interaction between ERp44 and IP~3~R, causing IP~3~R hypersensitivity, increased calcium release and induction of apoptosis [@bib92].

The ER redox environment is further characterized by low levels of reduced glutathione (GSH). GSH is consumed during reduction of unstable and improperly formed disulfide bonds resulting in a GSH/GSSH ratio of 1:1 to 3:1 in the ER, compared to the cellular ratios which vary from 30:1 to 100:1 [@bib32].

In addition, the NOX2, NOX4 and NOX5 NADPH oxidases have been found localized in the ER where they are processed and activated [@bib10; @bib114; @bib89]. PDI has been shown to be able to interact in particular with NOX1 and NOX2 suggesting an involvement of NADPH oxidases in ER stress related ROS generation [@bib79]. In support, NOX2 has been related to ER stress induced apoptosis and renal dysfunction [@bib93], and NOX4 was found to mediate the UPR in response to ER stress, resulting in autophagy [@bib160]. NOX4 has also been suggested to participate in ER stress responses and to possibly contribute to the hyperoxidative ER environment that triggers upstream UPR signals [@bib129] ([Fig. 3](#f0015){ref-type="fig"}).

Although the ER and mitochondria play distinct cellular roles, these organelles also form physical interactions with each other at sites defined as mitochondria-associated ER membranes (MAMs), which are essential for calcium, lipid and metabolite exchange [@bib105]. A number of molecular entities have been described to support the physical interaction between the ER and mitochondria. VDAC was shown to be linked to the IP~3~R in the ER through the molecular chaperone glucose-regulated protein 75 (GRP-75). Functional interaction between the channels was demonstrated to enhance Ca^2+^ accumulation in mitochondria [@bib143]. Since VDAC are also able to transport superoxide anions, and the IP~3~R has been shown to be redox-sensitive, a regulatory role of ROS and the ER-mitochondria cross-talk via calcium might be envisaged. ROS that are produced in the mitochondria and in the ER/SR can exert local control of the Ca^2+^ transport by the SR ([Fig. 2](#f0010){ref-type="fig"}). In yeast, dysfunctional mitochondria have been shown to promote the loss of redox homeostasis and ROS accumulation in the ER by the NADPH oxidase Ynop1 [@bib103; @bib90].

During Ca^2+^ overload, calcium influx increases in mitochondria and ER, thereby causing changes in mitochondrial pH and ROS production accompanied by altered mitochondrial membrane potential and opening of the mPTP with subsequent release of cytochrome c, cardiolipin peroxidation, and activation of several calcium-dependent proteins and kinases [@bib135]. Thus, calcium-induced ROS increase and ROS-mediated calcium vulnerability create a self-amplifying loop [@bib112]. However, severe ER stress induces mitochondrial Ca^2+^ overload, ROS accumulation, and ATP depletion and thus activates mitochondria-dependent apoptosis ([@bib120], [Fig. 2](#f0010){ref-type="fig"}). Thus, mutual local interactions between Ca^2+^ and ROS signaling are likely to occur and control various functions at the SR/ER--mitochondria associations [@bib45].

Increasing evidence suggests that disruption of the calcium-ROS balance at the SR/ER-mitochondria interface might have implications for various disorders. Motor neuron death due to dysregulated ER and mitochondrial ROS and calcium balance is found as an underlying cause in amyotrophic lateral sclerosis [@bib145]. A role for calcium and ROS dysfunction has also been described in other neurodegenerative diseases such as Parkinson's disease and Alzheimer\'s disease [@bib28].

Dysfunctional calcium load and oxidative stress via mitochondria and ER has been associated with myocardial infarction and other ischemic diseases. Consequently, cardiomyocytes develop hypertrophy, fibrosis, apoptosis, inflammation and structural cardiac remodeling eventually leading to cardiomyopathy and even heart failure [@bib32]. In the aging heart, increased mitochondrial ROS result in thiol-oxidation of RyR channel hyperactivity and shortened refractoriness of Ca^2+^ release in cardiomyocytes. This mechanism probably plays an important role in the increased incidence of arrhythmias and sudden death in the ageing population [@bib37].

Dysfunctional ROS and calcium signaling has also been described in diabetes [@bib123] and other metabolic diseases as well as in various inflammatory diseases [@bib32].

There is also increasing evidence that signaling cascades at the ER mitochondrial interface might be involved in tumor progression [@bib98]: for example, the tumor suppressor promyelocytic leukemia protein (PML) is specifically enriched at the ER and MAMs and complexes with IP~3~R resulting in increased cell survival through ER-mitochondrial Ca^2+^ and ROS signaling [@bib55]. On the other hand, these pathways may also be used for anticancer approaches. Recently it was shown that hyperthermia induced tumor cell apoptosis via the ROS, ER stress, mitochondria, and caspase pathways [@bib77], and several chemotherapeutic approaches seem to disrupt calcium-ROS signaling in the ER and mitochondria [@bib141; @bib156; @bib52].

Thus, further understanding of the molecular mechanisms underlying these interconnecting pathways which have been associated with numerous diseases, may lead to the discovery of novel therapeutic strategies.

6. Conclusion {#s0060}
=============

Without doubt, ROS and calcium are mutually interconnected. Calcium can increase production of the ROS. On the other hand, ROS can significantly affect calcium influx into the cell and intracellular calcium stores. Improved understanding of the mechanism that fine tune the levels of ROS and calcium within the different cellular organelles could result in novel therapeutic strategies for various diseases affected by dysfunction of the calcium ROS balance.
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![Membrane transporters of calcium ions localized in the plasma membrane, the endoplasmic reticulum and in mitochondrial membranes. Calcium channels (illustrated by green boxes) transport calcium ions into the cytoplasm upon changes in membrane potential or ligand binding. Calcium pumps (yellow boxes) transport calcium from the cytoplasm or into the endoplasmic reticulum (ER) and are energy-dependent. Sodium--calcium exchangers belong to antiporters transporting calcium ions against sodium ions. Two receptors that are localized in the ER release calcium from the ER store. In mitochondria, calcium transport is realized through the mitochondrial permeability transition pore, mitochondrial uniporter and sodium calcium exchanger. *Abbreviations*: NCX -- sodium-calcium exchanger; VDCC -- voltage-dependent calcium channel; PMCA -- plasma membrane calcium ATPase; ROC -- receptor operated channels; TRPC -- transient receptor potential channel; SERCA -- sarco/endoplasmic reticulum calcium ATPase; RyR -- ryanodine receptor; IP3R -- inositol 1,4,5-trisphosphate receptor; mPTP -- mitochondrial permeability transition pore; MCU -- mitochondrial uniporter.](gr1){#f0005}

![Calcium and ROS crosstalk between endoplasmic reticulum and mitochondria. The endoplasmic reticulum (ER) is a major site of calcium storage. Calcium from ER cisternae is flowing mainly through calcium release channels as inositol 1,4,5-trisphosphate receptors (IP~3~R) and ryanodine receptors (RyR). These channels are accumulated in mitochondrial associated membranes (MAMs), which associate with the mitochondrial outer membrane. Calcium ions from the cytoplasm enter the mitochondria through voltage dependent anion channels (VDAC) or calcium uniporter. High levels of calcium stimulate respiratory chain activity leading to higher amounts of reactive oxygen species (ROS). ROS can further target ER-based calcium channels leading to increased release of calcium and further increased ROS levels. Increased ROS and calcium load can open the mitochondrial permeability transition pore (mPTP) resulting in the release of pro-apoptotic factors. Abbreviations: SERCA -- sarco/endoplasmic reticulum Ca^2+^ ATPase; RyR -- ryanodine receptors; IP~3~R -- IP~3~ receptor; VDAC -- voltage-dependent anion channel; ANT -- adenine-nucleotide transporter; mPTP -- mitochondrial permeability transition pore; mNCX -- mitochondrial sodium/calcium exchanger.](gr2){#f0010}

![ROS and calcium crosstalk can induce ER stress. In the course of oxidative protein folding in the endoplasmic reticulum (ER), reactive oxygen species (ROS) are generated during electron transfer between protein disulfide isomerase (PDI) and endoplasmic reticulum oxidoreductin-1 (ERO1α). PDI can also associate with ROS-generating NADPH oxidases (NOX), further increasing ROS levels in the ER. NOX-derived ROS can modulate SERCA activity thus increasing ER calcium levels, contribute to ER stress and activate the unfolded protein response (UPR). ROS increase calcium release to the mitochondria which activates ROS generation in the mitochondrial respiratory chain. Mitochondrial ROS can affect NOX thus further increasing ROS and calcium load in the ER resulting in a vicious circle ultimately leading to apoptosis. Abbreviations: SERCA -- sarco/endoplasmic reticulum Ca^2+^ ATPase; MAM -- mitochondria-associated ER membranes; NOX NADPH oxidase; PDI -- protein disulfate isomerase; ERO1α -- endoplasmic reticulum oxidoreductin-1.](gr3){#f0015}
